Abstract-The electrification of the vehicle fleet will result in an additional load on the power grid. Adequately dealing with such pluggable (hybrid) electrical vehicles (PHEV) forms part of the challenges and opportunities in the evolution towards Smart Grids. In this paper, we investigate the potential benefits of using control mechanisms, that could be offered by a Home Energy control box, in optimizing energy consumption stemming from PHEV charging in a residential use case. We present smart energy control strategies based on quadratic programming for charging PHEVs, aiming to minimize the peak load and flatten the overall load profile.
I. INTRODUCTION
The electrification of the vehicle fleet will result in an additional load on the power grid that originates from the need to recharge the batteries of PHEVs. Adequately dealing with such pluggable (hybrid) electrical vehicles (PHEV) forms part of the challenges and opportunities in the evolution towards Smart Grids.
The current power grid infrastructure has enough spare generating capacity to support PHEV penetration levels ranging from 30% to 70% when being considered at large scale (e.g. nation wide) [1] . This spare generating capacity however is mostly available during off-peak moments such as night time. Hence, there is an opportunity to limit the extra electricity required to satisfy the PHEV charging demand by shifting them in time.
To make optimal use of this spare generating capacity, we need control mechanisms that achieve shifting the resulting charger loads to times at which spare generating capacity is available.
Uncontrolled charging of PHEVs can also lead to local problems in the distribution grid, for example power losses, which can be lowered by flattening the peak load as a result of controlling the charging process of PHEVs [2] .
An automated control method is preferred and can be made possible by integrating energy control strategies in for example a Home Energy Control Box or a Smart Charger.
In this paper, we first determine the amount and distribution of the additional load resulting from PHEV charging in a business-as-usual (BAU) scenario in which we assume that the charging happens at a fixed rate and starts when a vehicle arrives at home. There is no control or coordination in this scenario. This BAU case will serve as benchmark to estimate the potential advantages of two control strategies optimizing energy consumption resulting from PHEV charging. The goal of these energy control strategies will be to minimize the peak load and flatten the overall load profile.
The first strategy is a local energy control strategy, which controls the charging process of a single vehicle and is based on load information from the home at which the vehicle is charging. The second strategy is an iterative global energy control strategy, which is based on global load information that includes other homes and vehicles.
We investigate the potential benefits of the three energy control strategies based on quantative simulation results over 150 homes and varying levels of PHEV penetration and discuss the strategies in terms of complexity and performance, as well as requirements concerning infrastructure and communication.
A. Related Work
Several opportunities and limitations concerning the integration of PHEVs with the power grid and renewable energy resources are identified in [3] which presents control methods for charging PHEVs. One of these methods is based on global load information that is being communicated by means of a load signal. The preliminary results suggest that a energy control strategy based on load information offers benefits, especially by avoiding the need for additional generating capacity which results from additional peak load.
The control methods discussed in this paper are also based on load information and take two different approaches. We present a local energy control strategy, which aims at minimizing the peak load and flattening the global load profile, but only requires local load information and no communication. This local control method is compared to a global strategy in terms of complexity, performance and requirements.
As mentioned earlier, the importance of energy control methods which lower peak loads is presented in [2] . Voltage deviations and power losses can occur as a result of charging PHEVs. Flattening peak loads is an effictive method to avoid these negative effects.
Research related to PHEVs is not only limited to charging scenarios, but is also targetted at PHEVs providing energy to the power grid, which is known as Vehicle-to-Grid (V2G) [4] . Although control methods are also required for such opportunities, we will focus on optimizing the load resulting from charging PHEVs.
Overall we can conclude that there exists a need for control methods that are responsible for the management of PHEVs.
II. APPROACH
The two energy control strategies we present in this paper control the duration and rate of charging and result in charging schedules for each vehicle. They depend on current and future load information to determine these charging schedules. An illustrative example of a charging schedule is given in Fig. 1 . The time between arrival and departure is divided in equal intervals and for each interval the charging schedule defines the charging rate. Both energy control strategies aim to minimize and flatten the overall load profile by controlling the charging process of PHEVs.
The first objective of the energy control strategies is to minimize the peak load of the overall load profile. This is achieved by shifting the energy demand of the PHEVs to times where the energy demand is low. The second objective is to flatten the overall load profile which is realized by not only shifting the charging demand in time, but also controlling the intensity of it, i.e. the rate at which we charge the PHEV battery.
A. Minimizing peak load and valley filling
We characterize the local residential load by two components: the load resulting from charging electric vehicles and a base load which represents the other electric appliances present in the home. We assume those appliances have no flexibility in usage time or power consumption; the base load profile can not be changed. Indeed, the major concern of this paper is to assess the usefulness of smart energy approaches (based on e.g. a Home Energy Management box at the consumer's premises) in limiting the (peak) loads potentially caused by PHEV charging.
In a business-as-usual scenario, without any intelligent control strategy, charging PHEVs can add additional load to existing peak loads (when charging coincides with these peak loads). If we assume the latter base load to be inflexible, we cannot lower it. PHEVs in contrast do offer flexibility as they are often stationary for prolonged periods. On the other hand, additional loads resulting from charging PHEVs could also create new peak loads if we simply shift them in time.
Shifting energy demand of PHEVs to times at which energy demand is low avoids enlarging existing peak loads or creating new ones. Times at which energy demand is low are characterized by valleys in the load profile. These valleys will be filled and the load profile will level as a result of shifting loads. The load profile is levelled further by controlling the charging rate.
These concepts form the basis behind the presented energy control strategies, as discussed in more detail below.
B. Energy Control Strategies
We present two control strategies which differ in approach, complexity, requirements and results: a local energy control strategy and a global energy control strategy. Both strategies aim at minimizing peak load and flattening the overall load profile stemming from charging PHEVs. We will benchmark these energy control strategies against a business-as-usual (BAU) scenario in which we assume that charging starts upon plugging in the PHEV and happens at a constant rate until the vehicle is fully charged. There is no control or coordination in the BAU scenario. An overview of the control strategies is presented next.
1) Local energy control strategy: The first energy control strategy controls the charging process of each vehicle independently. A charging schedule is determined upon plugging in the vehicle, for which we also assume to know its planned departure time. The local energy control strategy will determine the times and charging rates at which the vehicle recharges its batteries based on the predicted local residential base load. This base load is made up from the individual loads from electric appliances which have no flexibility in their usage or power consumption and that are present in the home where the vehicle is charging. As a result the charging process is optimized locally but without considering the nonlocal impact: when considering the global electrical load over a whole residential area, global peaks can grow or new ones can be created.
2) Global energy control strategy: The second energy control strategy controls and coordinates the charging process of multiple vehicles within a residential area (typically comprising e.g. 100-200 houses). Similar to the local energy control strategy, the global strategy will also determine a charging schedule upon plugging in the vehicle, but in contrast to the local strategy, the schedule will be based on global load information which is the aggregation of the loads at each home which includes load resulting from charging PHEVs. As a result the charging process is optimized globally over the complete residential area without considering the local impact: existing local peaks can grow or new ones can be created.
The energy control strategies have different requirements concerning infrastructure and communication, leading to the high-level architectures sketched in Fig. 2 .
The business-as-usual scenario has no requirements besides basic charging infrastructure which needs a connection to the power grid. The local energy control strategy also requires a Home Energy Control Box (or Smart Charger) that is responsible for performing the local energy control strategy. The Home Energy Control Box needs to be able to determine the current and future local energy demand in order to determine the charging schedules. The global energy control strategy also requires a Home Energy Control Box, but since it needs to gather information on the global load profile of a residential area, it requires a connection with a communication network in order to determine for example the global load profiles. Depending on how we implement the global energy control strategy, communication needs to be possible with a coordinator and/or the other homes which are managed. The coordinator is an optional component and depends on the chosen implementation. Highly distributed approaches (e.g. using a pure peer-to-peer approach) will omit the coordinator while it is essential in centralized client-server architecture (where intelligence can be pushed into the network, and hence limit the need for management and maintenance of complex home energy boxes). Both approaches have their advantages and disadvantages; in this paper we will focus on quantifying the benefits in terms of electrical energy load profiles that a global control strategy could offer compared to a local one.
C. Methodology
In this section we will discuss the energy control strategies in detail. The local and global energy control strategies are both based on quadratic programming and aim to minimize the peak load and flatten the overall load profile. Hence, the optimal load profile in this context would be a constant or flat load profile, but this is unrealistic because we assume to have no control over the base load. Nevertheless we can try to approach this optimal load profile as best as possible. This is exactly what happens in the energy control strategies which we discuss in the following subsections. The strategies differ mainly in the way these optimal load profiles are determined.
1) General: The total duration for which base load information is provided is divided in intervals with an identical duration Δ (expressed in hours, typically 0.25h). The energy control strategies determine the charge rate for the successive intervals during which the vehicle is connected to the grid. Note we assume the departure time of the vehicle to be known (in practice this could be predicted based on historical data, or set by the user directly). We define the interval in which vehicle i arrives and is able to start charging as α i and the
The capacity of the battery present in the PHEV is expressed in Wh and is represented by C i b . The amount of battery capacity still loaded upon arrival at home is represented by C i c , which we also assume to be known. In addition, we assume that the connection to the power grid is bounded by a maximum load limit L i max . As indicated previously, the proposed energy control strategies both require that the electrical loads within the home(s) during the time the vehicle is connected are known when determining the charging schedule. (In practice, this could be predictions based on historical data gathered by the Home Energy Control Box and possibly additional context information. This however is outside the scope of this paper.)
2) Local energy control strategy: The first step of the local energy control strategy is determining the optimal load profile which is based on the local base load and a fixed charger load. The optimal load profile in this context is a constant load profile which is characterized by a constant load L 
Equation (2) determines the fixed charger load L i o,c which would fully charge the batteries during the available period.
The fixed charger and optimal local base load are added together in equation (3) to form the constant optimal load L i o,l of the optimal load profile.
Now that we know the fixed load L i o,l of the optimal load profile, we can constuct the objective function. Before we do so we have to define the real total load L i 1 (t) during each interval, which is the sum of the local base load and the charger load L i c (t) that is determined by minimizing the objective function.
The charger loads L i c (t) are the problem variables which have to be determined by minimizing the objective function. This objective function is given in equation (5) and aims at minimizing the difference between the optimal load L i o,l and the real total load L i 1 (t). Next we define the constraints which will influence the result of the optimization:
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Equation (6) states that the local load during each interval is limited to the maximum load supported by the connection to the power grid. The battery has to be fully charged when the vehicle departs, which is stated in equation (7).
3) Global energy control strategy: As a global energy control strategy, we evaluate an iterative extension of the local strategy, using a similar approach, but using the global load profile instead of the local load profile. The global energy control strategy is executed whenever a vehicle connects with the power grid in order to recharge its batteries. It is performed on a first-come-first-served base when multiple vehicles arrive during the same interval and the global base load information is updated after determining each schedule, hence the iterative nature of this strategy.
We start again by determining the optimal load profile which is based on the global load profile, instead of the local base load profile. The global load profile is the sum of all the local loads which consist of the local base loads L (8).
The charger load L j c (t) in equation 8 is equal to zero when no vehicle is connected at home j or the charging schedule for that home has not been determined yet (including the current home i).
The optimal global load L i o,g is determined by the following equations. Equation (9) 
The fixed charger load L i o,c is determined by equation (2) which is also used in the local energy control strategy. The fixed charger and optimal global base load are added together in equation (10) to form the constant optimal load
The objective function is given by equation (12).
The constraints are:
Equation (13) states that the local load at each home is limited to the maximum load supported by the connection to the power grid. The battery has to be fully charged when the vehicle departs, which is stated in equation (14).
III. CASE STUDY
To evaluate the PHEV charging control strategies, we developed a simulator framework based on OMNeT++ [5] , where we model both the electrical distribution network and communication network in detail. The case study presented here provides quantitative results on the resulting electrical load profiles achieved by the proposed control strategies as well as the BAU scenario. We give an overview of the simulation parameters before discussing the results in detail. [7] A. Simulation parameters This section presents quantitative simulation results over a set of 150 homes that simulate a feeder branch in an electrical distribution grid. Each home is characterized by a base load profile. The base load profile is based on synthetic load profiles which indicate the average power consumption of a home [6] . As explained, in this case study we assume that the energy control strategies have perfect knowledge about these load profiles. Figure 3 gives an example of a synthetic load profile for a period of 24 hours, starting at midnight. We have chosen two winter days where power consumption is high and examine the 24 hour period from 12:00 PM on day one to 12:00 PM on day two, as it provides a large amount of spare generating capacity. The power grid connection available in each home is based on Belgian standards which limits the maximum load to 9.2 kWh.
We based the model for the PHEVs on the specifications of the Chrevolet Volt which are shown in Table I [7] . We assumed the same specifications for every vehicle. The maximum charging rate is limited to 4.6 kWh which is half of the maximum allowed load and leaves room for other electrical appliances. The arrival and departure times vary between the vehicles and are based on a statistical availability model [8] . We consider three scenarios where respectively 10%, 30% and 60% of the homes has a PHEV. (Note: For Belgium, it has been forecasted that 30% of all vehicles will be PHEVs by 2030 [9] .) Figure 4 gives an overview of the obtained simulation results. For each PHEV penetration level the impact of the business-as-usual scenario and the local and global energy control strategies are shown in reference to the load profile PHEVs (%) Power Consumption (%) 10% +6% 30% +31% 60% +44% resulting from when no PHEVs are present. We discuss the details of these results in the following paragraphs. Charging PHEVs has a significant impact on the power consumption when we compare any of the scenarios which include PHEVs with the scenario without PHEVs. The additional power consumption ranges from 6% to 44% depending on the penetration grade of PHEVs. Table II gives an overview of the influence of PHEV penetration on additional power consumption.
B. Simulation results
The influence of the control strategies on the peak load is shown in table III. The business-as-usual scenario has the highest peak load which is 13%, 62% or 98% higher, depending on the number of PHEVs, than in the scenario without PHEVs. The local energy control strategy has the most significant impact on the peak load when compared to the business-as-usual scenario and the improvement ranges from 8% to 38%. The global energy control strategy lowers the peak load even further and results in an improvement ranging from 8% to 42%, but the improvement over the local energy control strategy is limited and ranges up to 4% extra. This suggests that adding smart grids functionality to the home in the form of a local Home Energy Control Box seems very promising. Whether it pays off to implement global control strategiesimplying added cost of installing, maintaining and managing a communication network-is less clear, based solely on the effects on the global peak load levels by merely controlling PHEV charging.
The flatness of the overall load profiles is evaluated based on the standard deviations and variances which are calculated of the load levels over the time intervals in a 24h period, as shown in Table IV . The local and global energy control strategy both improve the flatness of the load profile but the global energy control strategy results in the most optimal load profile. However the improvement of the global energy control strategy over the local energy control strategy is small in comparison to the improvement of the local energy control strategy over the business-as-usual scenario. The improvements grow when the penetration level of PHEVs rises which indicates that PHEVs are usefull resources for levelling the overall energy demand.
IV. CONCLUSION
Energy control strategies can lower peak load and flatten the overall load profile as a result of shifting energy demand and controlling the intensity of it. In this paper, we investigated the effect of such energy control mechanisms on the resulting electrical load stemming from PHEV adoption. As a benchmark we consider a business-as-usual (BAU) scenario without using any smart grid approach, where electrical vehicles are maximally charged immediately upon arrival and when plugged in. In this BAU scenario, a 30% PHEV penetration may lead to almost 1.5 times the peak load of current electricity consumption in a residential area. This peak can be significantly reduced (around −26% for 30% PHEV penetration) by a local control strategy, only relying on the electricity consumption information of the house a PHEV is attached to. A global strategy, requiring data exchange between the homes (and/or possibly a controlling entity in the network), further reduces the peak load compared to BAU (with an additional −4%) and has clear advantages in flattening the load profile over time.
V. FUTURE WORK Expanding these energy control strategies to other electric appliances which offer flexibility in their usage and power consumption could further optimize the overall load profile. Examples of devices which are possible candidates to be managed by energy control mechanisms are washing machines, heaters, refrigerators, lights, etc.
In our case study, we assumed the charging schedules (as determined by the energy control strategies) to have a granularity of 15 minutes, corresponding to the assumed granularity of the load information. Further research could investigate optimization of this granularity in terms of performance and data exchange requirements.
We assumed exact knowledge of the base load stemming from non-flexible appliances, as well as knowledge of the departure times of the PHEV. Further research is needed to devise real-time strategies capable of dealing with uncertainty and/or making intelligent prognoses of short-term energy consumption.
